Choosing the appropriate suit for a BSL-4 laboratory is of vital importance to create a safe work environment within such a facility. The suit has to provide protection for the wearer and be compatible with the infrastructure at the facility, while still providing some level of comfort. A number of manufacturers are currently in the market, but with the increased number of new BSL-4 facilities worldwide, new manufacturers are entering this market. Unfortunately, apart from the information provided by the manufacturers, not a lot of data exists in the literature on what to look for in a BSL-4 suit. Thus, the authors decided to develop a test program to compare different suit models and to guarantee that the chosen suit can be used in the specific conditions encountered at their new facility. Tests ranged from studies on material compatibility and determination of protection factors to questionnaires on wearer comfort. Results as well as some conclusions that could be drawn from the tests are presented in this article. possible to disconnect the filter and test it. The filter on the yellow suit is attached outside the suit and can easily be disconnected and tested.
Introduction
Internationally, two different types of BSL-4 laboratories can be distinguished: cabinet line and suit laboratories. Cabinet line laboratories are likely to offer a higher level of protection for the personnel as well as the environment, as the infectious agents are handled inside class III cabinets, often referred to as isolators. However, less freedom of movement is afforded to staff in these laboratories. Suit laboratories, on the other hand, allow people to move around more freely wearing their suits. The suits offer protection in two ways: (1) through the surplus pressure provided by the breathing air system, thus prohibiting potentially contaminated laboratory air from entering the suit; and (2) because of the robust material of which the suits are made. These, however, will not provide the same level of protection as a class III cabinet.
Every institution considering building a BSL-4 laboratory faces the question of what kind of laboratory best suits its needs. SPIEZ LABORATORY in Switzerland is in the final stages of completing construction of a new BSL-4 suit facility. The decision to build a suit laboratory was based simply on the aspect of freedom of movement, thus providing staff with more flexibility within their work environment.
Until a few years ago, two main companies comprised the market offering BSL-4 suits. However, with the ever increasing number of maximum containment laboratories being built around the world, new manufacturers are entering this market. For existing as well as new facilities, choosing the appropriate suit is a challenging process. Having reviewed the literature and spoken with a number of partner laboratories, the authors did not encounter a test program that evaluates a suit's properties and thus allows a comparison among different models. Most decisions about which suit to choose for a laboratory seemed to have been based on data sheets provided by the manufacturers and where these manufacturers are based.
SPIEZ LABORATORY is in a unique situation, in that the laboratory has a department that specializes in aspects of nuclear, biological, and chemical (NBC) protection. It was thus decided to test and compare a number of suits, taking advantage of the expertise present inhouse. A test program was designed to determine the compatibility of the suit material with the chemicals used for decontamination (e.g., chemical shower) as well as a program to compare the protection factors of the different models and thus determine an individual suit's properties. Finally, using this test program, a questionnaire was developed to gather user feedback on a suit's ease of use and wearer comfort.
The test program and the reasons behind its design as well as some results are presented here. Note that the focus here is on the testing program, so that the results don't favor or discriminate against any manufacturer. Nevertheless, some conclusions that were drawn from the obtained results are also presented as these may benefit both prospective buyers in their decisionmaking process and manufacturers in the adaptation of their suit's design.
Materials and Methods

Suits
Suits from three different manufacturers were tested at SPIEZ LABORATORY. Manufacturers' names are not given to maintain some level of objectivity. Instead, suits are differentiated by their colors (Figure 1 ).
Material Testing
Suit material (except the material used for the face shields) was kindly provided by the manufacturers. All
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Swelling tests were performed by immersing samples in 2.5% per-acetic acid (VWR International AG, Dietikon, Switzerland) for the durations indicated in the text. Temperature was kept at 23ºC at all times.
Internal Pressure Tests
Internal pressure tests (leak tightness of gastight suits) were performed according to DIN EN 464 (European Committee for Standardisation, 1994) . Briefly, suits were kept for at least 1 hour at room temperature (20ºC +/-5ºC), valves were closed, and suits were pressurized to 17.5 +/-0.5 mbar and kept at that pressure for 10 minutes in order to completely inflate the suits and smooth possible creases. The pressure was then lowered to 16.5 mbar and the air supply turned off. The pressure inside the suits was monitored for 6 minutes during which time it was not allowed to drop more than 3 mbar.
Integrated Tests for Chemical Protection Suits (ICP)
The method is based on the Technical Assessment of the Man-In-Simulant Test Program (MIST Program) (Standing Committee on Program and Technical Review of the U.S. Army, 1997) and can be performed either with gas (methyl salicylate, MeS) or aerosol (di-ethyl-hexyilsebacat, DEHS). In this test program, gas was used instead of an aerosol, since the detection limit for aerosols is lower (local protection factor max. 1,000) than the ex-pected protection factors for BSL-4 suits. The test chamber was filled with 55 mg/m 3 MeS and the test person had to perform a defined motion sequence (Table 2) for 3 hours (total dosage 9,900 mg/m 3 /min). The overall protection factor against VX (nerve) gas was calculated according to the BRHA (body region hazard analysis, MIST Program) over 33 positions. NBC gloves fixed with tape were used instead of the original gloves to ensure that no MeS penetrated through the thin material.
Results
Material Testing-Material Compatibility BSL-4 suit laboratories require a chemical shower process when leaving the laboratory. At the new facility at SPIEZ LABORATORY, decontamination in the chemical shower is performed using per-acetic acid at a maximum concentration of 2.5%. Since none of the manufacturers had any data regarding compatibility of the suit material with per-acetic acid, it was decided to run a number of standard tests (Table 1) to gain some insights into the materials' properties. Material samples were immersed in 2.5% per-acetic acid for 7, 14, and 28 days and changes in the performance noted in comparison to nonincubated samples. Visually, differences in material compatibility could be clearly demonstrated with the blue suit giving the best results, followed by the yellow suit, and finally the white one ( Figure 2 ). However, measurement results obtained from the tensile, tear resistance, and puncture tests, revealed that the yellow suit's material proved to be best suited for exposure to per-acetic acid, followed by the blue suit. Throughout the tests, the white suit showed the lowest performance (Table 1) .
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Figure 1
Three suits by different manufacturers were tested. The suits will be differentiated by their colours (i.e., blue, white, and yellow) and not their manufacturers' names. 
Determination of Protection Factors
Initially, all suits were tested for leak tightness according to DIN EN 464 (European Committee for Standardisation, 1994) . All suits were within the accepted limits as expected (Table 3) . However, the first test with the blue suit failed, as the place where the gloves had to be taped to the suit carried a seam that made it difficult to properly attach the gloves.
To compare the suits' protection factors, a program was designed to simulate situations that may also occur while working in a BSL-4 suit laboratory (Table 2) . Briefly, the authors wanted to see what happened when the suit was, for example, deflated and quickly re-inflated (e.g., while bending down and standing up again) or during strenuous exercises when a lot of breathing air is needed. Furthermore, it was decided to determine chemical protection factors. This certainly far exceeds the requirements of a BSL-4 suit, as it should offer protection only against particles. However, measuring particles inside the suits would have, on the one hand, complicated the test set-up and, on the other hand, most likely not been sensitive enough. Thus, the test was based on a program used for chemical protection suits utilized by the Swiss Army and the comparison was done with total protection factors against VX gas for different body parts, taking into account skin permeation characteristics at these locations.
Differences in the suits' performances could be clearly observed (Figure 3) . The blue suit showed the highest protection over all. Particularly, the upper body and the head were better protected. The white and yellow suits showed comparable levels of protection to each other. Nevertheless, the yellow suit appeared to offer slightly better protection in the upper body regions than the white one.
User Feedback
The program for the integrated tests of chemical protection suits offered the unique possibility to thoroughly experience working in a BSL-4 suit. Since wearer comfort is an important factor when attempting to implement biosafety measures at a facility, an important goal Articles Table 2 Test program for integrated tests on chemical protection suits.
Step Time (min) Activity Comments of the test program was to learn this information. A questionnaire was developed to gauge people's impressions while running through the 3-hour test program. User feedback showed clear preferences for either the white or yellow suit (Table 4 ). The blue suit's two major disadvantages were the placement of the zipper and the noise level inside. The zipper diminishes the field of view and complicates donning and doffing of the suit. The distribution of the breathing air in the head region leads to strong gusts being blown from the back of the head past the ears. This makes working in the suit without earplugs almost impossible as the noise reaches levels that are very hard to bear for extended periods of time. Furthermore, the blue suit showed areas where surface decontamination may be hindered. First, the seams are not smooth, giving rise to protruding edges all Articles Figure 2 Results following incubation of test samples in 2.5% per-acetic acid at 23ºC for (A) 7, (B) 14, and (C) 28 days. Table 3 Internal Pressure Test (leak tightness of gastight suits) according to DIN EN 464 (European Committee for Standardisation, 1994) . Suits were equipped with NBC protection gloves issued by the Swiss Army. Briefly, suits were kept for at least 1 hour at room temperature (20ºC +/-5ºC), valves were closed, suits pressurized to 17.5 +/-0.5 mbar and kept at that pressure for 10 minutes in order to completely inflate the suits and smooth possible creases. The pressure was then lowered to 16.5 mbar and the air supply turned off. The pressure inside the suits was monitored for 6 minutes during which time it was not allowed to drop more than 3 mbar.
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Blue Suit
White over the suit that may be difficult to reach with chemical disinfectants. Second, flaps hang over the boot shafts creating spaces that may not be easily decontaminated during a chemical shower process. The white and yellow suits offered the same level of wearer comfort. Both can be easily put on without help from another person. A major advantage is the additional regulation of the breathing air volume on the outside of the suit where the air hoses are plugged in (Figure 1 ). The main difference between the two suits stems from the placement of the HEPA filters. The white suit has the HEPA filter built into the suit on the inside. It is thus not 
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General Aspects
Can the air hose be easily connected and disconnected from the suit?
Difficult to reach as it is situated towards the back. Gets stuck easily (e.g., chairs).
OK OK
Is an additional air flow regulation necessary on the suit? Additional regulation required Additional regulation present Additional regulation present Further comments?
Overlapping flaps between suit and boots. Seams with protruding edges. Both difficult to decontaminate.
HEPA filter built into suit. Testing of filter not possible.
HEPA filter in easy to decontaminate casing outside the suit. Can be tested.
Figure 3
Determination of protection factors using an integrated test for chemical protection suits. Depicted are total protection factors against VX gas for different body parts taking into account skin permeation characteristics at these parts. 
Discussion
The information presented here demonstrates the difficulties in choosing the appropriate suit for a specific BSL-4 facility. Several aspects need to be considered, ranging from material compatibility to the actual protection afforded by the suits. Also, the wearer has to feel as comfortable as possible working in the suits and, thus, user feedback is most important. Unfortunately, limited data are available, and manufacturers provide data that, naturally, promote only their own products' strengths. This test was designed to gain additional information for comparison of different suit models and thus selection of the right suit for the specific purposes at the SPIEZ LABORATORY facility.
Most important was knowing whether the suits would endure the chemical shower process. Decontamination of the suits' surfaces is achieved by showering in per-acetic acid at a maximum concentration of 2.5% for 3 to 5 minutes. This is followed by a wash cycle with water for 2 minutes. Tests showed clear differences among the different materials used to make the suits. However, it must be noted that the samples were immersed in peracetic acid for rather long periods. For instance, 7-day incubation corresponds to approximately 2,000 to 3,000 shower cycles (without the water rinse). This may very well exceed a suit's normal life expectancy. Feedback from partner laboratories indicates that BSL-4 suits are, on average, exchanged every 12 months.
Certainly, one could argue that such extensive tests as were done for this study far exceed the actual needs of an institution, especially when it has been operating for a number of years. Nevertheless, material compatibility needs to be demonstrated and the program shown here may offer some ideas on how this can be achieved.
Determining the suits' protection factor proved to be rather difficult. Generally, BSL-4 suits offer protection from particle aerosols, as this is what people encounter in a laboratory. Thus, there is little need for the suits to be gas-tight. In this case, however, the authors decided to adapt a test program used by the Swiss Military to determine the protection factors of chemical protection suits against a number of nerve gases. The reasoning behind this was two-fold: First, it was possible to use the existing facility including the measuring devices without having to redesign everything from scratch. Second, one can argue that detection of gases rather than particles is much more sensitive and thus more likely to reveal differences in the suits' performances. Indeed, these differences were seen. Parts of these differences can be explained by the material from which the suits are made. The blue suit's material is certainly tougher in texture and less permeable for the chemicals used in this test.
However, these characteristics also diminish wearer comfort as was clearly shown by user feedback.
The main differences among the suits, however, stem from the design of the breathing distribution systems. The blue suit clearly offers the best protection, especially on the face and upper body regions. A big advantage is that the air inside the hood is blown into the suit from behind the wearer's back, past the head, and down the front of the suit. Thus, even if the suit incurs a hole or a cut and potentially contaminated laboratory air enters the suit, the air would less likely be blown towards the face and would therefore not be inhaled. Furthermore, the air outlets on the blue suit are situated at the back and the thighs. Both the white and the yellow suits, on the other hand, blow the air from the chest past the visor and face to the back of the head. The yellow suit has all air outlets situated at the back of the head, leading to all air inside the suit having to go to the head region and out the back.
As with everything that was evaluated during this study, there are always two sides to a coin. The breathing air distribution system employed in the blue suit offers the best protection from inhaling any potentially contaminated air that may enter the suit through holes or cuts; however, this dramatically decreases wearer comfort. The experienced noise level in the suit is very high, so working without ear plugs for an extended period of time is virtually impossible. Wearer comfort is much improved with the designs of the white and yellow suits. Unfortunately, this diminishes the protection factor in both suits. Also, use of either soft plastic tubes (white suit) or rubber hoses (blue and yellow suits) to distribute the air to the arms and legs may influence wearer comfort. Soft plastic tubes lead to less pressure sores (felt especially when having to bend down or crawl on the floor). However, these tubes may also be more easily blocked and may account for the phenomenon seen with the white suit that showed lower protection factors in the lower body regions compared to the other two suits.
Generally, user feedback still proved to be very important. Spending up to 3 hours at a time in a suit allowed users to pinpoint all kinds of details, both positive and negative. Ultimately, user feedback provided the arguments to sway the decision-making process in the direction of SPIEZ LABORATORY's current supplier.
Conclusions
Initially, the authors intended to base their decision regarding which suit to buy on objective comparisons among different models, and the data obtained pointed towards one model. However, this particular model could not win over the future users of this new facility. This clearly proved that user feedback is still of primary importance, especially since results showed that all suits offered comparable protection levels. Importantly though, with the test program used, it was possible to thoroughly www.absa.org Applied Biosafety Vol. 16, No. 2, 2011 experience working in a BSL-4 suit for extended periods of time. This is especially important for the future users who have no previous experience working at BSL-4. Generally, the tests performed and the program used during this study may certainly be adapted to specific needs and may even be facilitated if necessary. However, this test program has been able to point out certain short-comings in the suits' designs based not only on people's feedback, but also on scientific data. As a result, SPIEZ LABORATORY is now working with one of the manufacturers to further improve the suit.
